A microfocus x-ray tube that can generate x rays with the focal spot size less than 5 m has been demonstrated using carbon nanotube ͑CNT͒ field emitters. A CNT cathode on a sharp tungsten tip, a magnetic solenoid lens, and a transmission-type x-ray target were adopted for the microfocus x-ray tube. The design characteristics and the operation performance of the microfocus x-ray tube are presented. Due to the small focal spot size, clear x-ray radiographic images of 6 m bars and x-ray images with the magnification factor of higher than 230 were obtained.
The x-ray focal spots of conventional thermionic microfocus x-ray tubes are normally less than 10 m in size; submicrometer focal spot size was also realized. 8, 9 However, a CNT-based x-ray tube that has the focal spot size less than 10 m has never been developed; ϳ30 m is the best result achieved from CNT-based x-ray tubes until now. 3 Here we report that we have developed a CNT-based microfocus x-ray tube with a focal spot size of less than 5 m and present the design characteristics and the operation performance of the microfocus x-ray tube.
The schematic layout of the microfocus x-ray tube is shown in Fig. 1͑a͒ . The microfocus x-ray tube consists of CNT emitters on a sharp tungsten ͑W͒ tip as a cathode, a gate electrode, an anode, a solenoid lens, and a transmissiontype x-ray target. Electrons are emitted from the CNT emitters through field emission by the gate electrode and accelerated by the anode. Electrons emitted from the cathode are diverged, and consequently a part of the electrons can be lost at the gate electrode due to the sharp tip shape of the cathode. However, since the gate electrode of the triode gun acts as a lens, 10 electrons passing the gate electrode are slightly focused ͓Fig. 1͑b͔͒. Both the gate electrode and the anode are inclined to the cathode, inducing a focusing electric field on the electron beam. As a result, the electron beam is further focused while it transports between the gate electrode and the anode. The diameter of the electron beam passing after the anode is reduced by an aperture placed in front of the solenoid lens. Finally, the electron beam is focused down to micrometer size onto the transmission-type x-ray target by the solenoid lens, generating x rays with a micrometer-sized focal spot. The geometry of the triode electron gun, the required field strength of the lens, and the target position were optimized by calculating electron trajectories from the cathode tip to the x-ray target using an electron optics program, EGN2.
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In order to achieve smaller x-ray focal spot, we considered the followings for the design and fabrication of the x-ray tube. First, the x-ray focal spot size is determined by the focus size of an electron beam impinging on an x-ray target. Emittance of the electron beam is a key parameter limiting the electron-beam focus size. Since a smaller cathode generates a lower emittance electron beam, 12 CNTs were fabricated on a sharp W tip to reduce the effective size of the emission area. of ϳ5 m curvature radius. Subsequently, multiwalled CNTs were grown on the W tip using nickel ͑Ni͒ catalyst by means of plasma-enhanced chemical vapor deposition. A titanium nitride buffer layer was deposited onto the etched W tip by magnetron sputtering method to improve the adhesion between the W substrate and CNTs on Ni catalyst. 13 A typical scanning electron microscope ͑SEM͒ image of the fabricated CNT cathode is displayed in Fig. 1͑c͒ , showing that CNTs are uniformly coated on the W tip.
Second, the geometrical demagnification and the spherical aberration of an electron lens should be minimized to decrease the focus size of an electron beam. An electron lens with a short focal length is preferable to decrease both the geometrical diameter and the spherical aberration coefficient.
10,14 A magnetic solenoid lens was utilized in the system because magnetic focusing induces lower aberration and has more strong focusing capability than electrostatic focusing.
10 The x-ray target was placed close to the lens outlet to allow a short focal length of the lens. In addition, a thin metal diaphragm aperture was installed before the solenoid lens ͓Fig. 1͑a͔͒. The diaphragm aperture reduces the effective converging angle of an electron beam, thereby diminishing the spherical aberration of the lens. 14 The aperture also reduces the emittance of the electron beam entering the solenoid lens. 15 Accordingly, the aperture helps us to decrease the focus size of the electron beam hitting the target. However, an aperture with a smaller bore diameter leads to lower x-ray intensity because larger beam loss occurs at the aperture. As a consequence, the exposure time to obtain x-ray images increases. Diaphragm apertures with different bore diameters ranging from 4 to 10 mm were used in this study for flexible operation.
Third, beam broadening occurs due to the collision between the incident electrons and the atoms inside the target material if an electron beam enters an x-ray target. Due to the beam broadening, the effective focal spot size of x rays produced at the target is larger than that of the incident electron beam. Consequently, for achieving smaller x-ray focal spot, a thin transmission-type target that has the thickness much less than the range 16 of incident electron is preferable to a thick reflection-type target. Therefore, we adopted a transmissiontype target for the microfocus x-ray tube. The x-ray target was fabricated by sputter coating of W on beryllium ͑Be͒ x-ray window material ͑thickness: 500 m, diameter: 20 mm͒. If the thickness of the target material is smaller than the range of incident electron, electrons can pass through the target, causing only a part of the electron energy to be converted into x rays. Hence, sufficiently thick target material is required for increasing the conversion efficiency of electron energy to x-ray energy. However, as the thickness of the target material increases, x-ray attenuation becomes significant during the penetration of x rays through the target. This suggests that an optimum target thickness exists to produce maximum x-ray intensity for a given beam current and that the optimum thickness depends on the incident electron energy. The x-ray intensity as a function of W thickness was calculated using a particle transport code ͑MCNPX͒.
17 On the base of the calculation result, the coating thickness of W on the Be window was determined to be 1.1 m to produce maximum x-ray intensity at 40 keV electron energy.
Last, to minimize the effect that mechanical vibration increases an x-ray focal spot size, all the components of the x-ray tube were installed on a vibration-isolated optical table.
In addition, a sputter-ion vacuum pump was used for the x-ray tube, operating at the base pressure of 3 ϫ 10 −9 torr, because it did not induce mechanical vibration. Figure 2 displays the emission property of the CNT cathode and the electron-beam transport characteristics of the fabricated x-ray tube. The cathode voltage was −40 kV and the CNT tip-gate distance was 0.25 mm. The bore diameter of the aperture placed before the solenoid lens was 10 mm. The emission current-voltage curve well follows the FowlerNordheim ͑FN͒ equation. 18 The threshold electric field of the CNT cathode for 10 mA/ cm 2 was 1.6 V / m and the field enhancement factor 19 derived from the FN plot ͑inset of Fig. 2͒ was about 2700. These exhibit that the CNT cathode on a sharp W tip has much better electron emission characteristics than flat CNT cathodes coated on flat substrates. 20 Emission area was estimated to be 1.6ϫ 10 −6 cm 2 , corresponding to the spherical tip area of the 5 m curvature radius. Furthermore, interestingly, more than 90% of the emission current arrived at the x-ray target and practically no emission current was lost at the gate electrode until the emission current reached 26 A. The beam current loss during transport might occur mainly at the aperture before the solenoid lens. As can be seen in Fig. 1͑b͒ , if electrons are emitted from the hemispherical tip area, they can transmit the grid aperture without any loss, whereas electrons generated a little far from the tip strike the gate electrode. Therefore, such a high electron transmission ratio reflects that electrons were mostly emitted from near the hemispherical tip area.
The performance of the microfocus x-ray tube was evaluated by taking magnified XR images of a 1000-mesh gold transmission electron microscope ͑TEM͒ grid ͑bar width: 6 m, pitch: 25 m͒, of which bars cannot be resolved using a conventional x-ray tube. Cathode voltage and emission current were kept at −40 kV and 10 A, respectively. Beam current fluctuation was less than 5% for 20 h after initial aging. An x-ray image intensifier ͑model: MEDELEX IIS-61HP, input field size: 6 in., spatial resolution: 4.2 lp/ mm͒ that is coupled to a charge coupled device camera was used as an x-ray image sensor. Note that the spatial resolution of the XR images obtained without geo- metrical magnification does not depend on the x-ray focal spot size because no image blurring occurs. In this case, the spatial resolution depends only on the resolution of the image sensor. Therefore, we acquired highly magnified XR images in order to demonstrate the performance of the fabricated microfocus x-ray tube. Due to the advantage of the transmission x-ray target, an object can be placed near the x-ray target and magnified XR images with the magnification factor of up to 230 can be easily recorded. The gold mesh was placed around 5 mm apart from the transmission x-ray target and the magnification factor was controlled by the target to image sensor distance. Figure 3͑a͒ shows a 145 times magnified XR image of the TEM grid at an exposure time of 2.5 s. Each grid bar of 6 m width was clearly resolved in both horizontal and vertical directions, suggesting that the x-ray focal spot size was in the micrometer range. The x-ray focal spot size was measured by means of grid images following the European standard EN 12543-5. For the measurement of x-ray focal spot size, a 200-mesh gold TEM grid ͑bar width: 37 m, pitch: 127 m͒ was radiographed at a higher magnification ratio of 230 ͓Fig. 3͑b͔͒ because higher magnification and thicker bar decrease the measurement error. From the analysis of the images shown in Figs. 3͑c͒ and 3͑d͒ , the x-ray focal spot sizes were calculated to be 4.7± 0.5 m ͑horizontal direction͒ and 4.9± 0.5 m ͑vertical direction͒, respectively. This measured x-ray focal spot size is the lowest value achieved using CNT-based x-ray tubes developed until now.
In summary, we have demonstrated a microfocus x-ray tube that produces an x-ray focal spot size less than 5 m using CNT field emitters on a sharp W tip, a solenoid lens, and a transmission-type x-ray target. The capability of high spatial resolution and high magnification can be easily applied to high-resolution x-ray radiography and x-ray tomography. Furthermore, we expect that an x-ray tube with submicrometer x-ray focal spot size can also be realized using this design only by changing the cathode with a single CNT emitter on a W tip.
